Introduction
A nickel alloy of NW2201 (Ͼ99.0 mass% Ni) is widely used for a reactor of caustic soda plant due to its superior corrosion resistance or electronic devices because of low electric conductivity. It is generally recognized that sulfur in nickel alloys deteriorates hot-workability which is, in some case, severer than iron-base alloys. In fact, some sliver defects, considered to be attributed to poor deformability when hot-rolled, sometimes appears on the cold strips.
Some studies about hot-workability of nickel alloys have been reported so far. Haruna 1) has studied the effect of sulfur on the hot-workability of Ni-30mass%Cu known as a Monel alloy. In his report, an adequate amount of Mg could significantly improve the ductility at high temperatures because Mg could react with S to form MgS to make S harmless. Contrary a surplus amount of Mg deteriorates ductility. The reason of the latter case has been explained by forming a metallic compound of Ni 2 Mg with low melting point that is formed in hot-rolling process. 2, 3) These works tell us the importance of removal of sulfur as low as possible and precise control of Mg not to form Ni 2 Mg.
NW2201 alloy is usually deoxidized with Al, because of low Si content, under relatively high basicity slag resulting in lower oxygen content that leads to effective sulfur removal. Even though sulfur content is quite low, however, sliver defect sometimes occurs. Preliminary analysis to understand how this was brought showed us that significant extent of scattering in Mg content was related. It was found, namely, that the defects were observed in the heats with relatively low or high Mg content.
Therefore, a novel technology to control Mg content precisely is strongly required. Usually, ladles, lined with MgObase refractory typified by MgO-C or dolomite, are employed for refining. Steelmakers need to account for reducing reaction of MgO, eroded into molten slag from the refractory, by Al leading to an increase of Mg content to some extent. [4] [5] [6] [7] For precise control, the reaction must be taken into consideration along with addition by Mg source such as Ni-Mg alloys.
Nakao et al. 4) investigated that MgO in slag was reduced by Al and that slag composition affected Mg content in molten Fe-25mass%Ni-17mass%Cr-5mass%Al or Fe7mass%Ni-16mass%Cr-1mass%Al stainless steels. They found that lower MgO/Al 2 O 3 ratio in the slag could decrease Mg content. Katsuki et al. 5) succeeded to prevent defects of Fe-20mass%Cr-5mass%Al with 0.1 mass% Ce. The defects were caused by blow holes in continuously cast slabs in which Mg gas precipitated during solidification was contained. They controlled CaO/Al 2 O 3 ratio (hereinafter C/A) of slag below 0.7 to decrease Mg content as low as the Technology to precisely control Mg content has been developed to improve hot-workability of NW2201 Ni alloy. Relatively high standard deviation of Mg contents, 0.007, out of average Mg content of 0.02 mass% was problem among heats. This brought poor hot-workability leading to sliver-like surface defects on the strip when Mg content was relatively high or low.
Development of Technology to Control Mg Content in Molten Nickel Alloy of NW2201
Laboratory-scale experiments were performed to understand the behavior of Mg in terms of equilibrium and mass-transfer of the slag/metal reaction of 3(MgO)ϩ2Alϭ(Al 2 O 3 )ϩ3Mg. Experiments were firstly carried out to understand Mg content in molten Ni equilibrated with CaO-Al 2 O 3 -MgO-CaF 2 system slags. It was found that Mg content in liquid Ni depended on Al content and C/A (CaO/Al 2 O 3 ratio in mass%) in the slag. The measured Mg contents mostly agreed with thermodynamic calculation. Further, kinetic analysis was also undertaken experimentally by approaching from both higher and lower Mg contents to the equilibrium Mg content. As a result, mass-transfer of Mg in molten Ni is considered as the rate-determining step for the above reaction.
By applying the countermeasures, introduced from the view points of both equilibrium and kinetics, for practice, the standard deviation of Mg content was improved from 0.007 to 0.003 among heats. Consequently, the defects have been improved successfully.
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blow holes did not form. One of the present authors studied Ni melts with 2.5 mass% Al equilibrated with several slags whose C/A ranged from 0.4 to 1.5.
6) It was revealed that Mg content decreased with decreasing C/A because activity of alumina in slag became higher to suppress the reaction of MgO reduction. Further findings were that Cu enhanced Mg pick-up and Cr contrary suppressed it.
As a fundamental research, Cho and Suito 7) have investigated Mg deoxidation behavior in molten nickel in equilibrium with CaO-Al 2 O 3 -MgO slag at 1 873 K. They studied how Mg behaved by an addition of Al employing various kinds of crucibles (MgO, Al 2 O 3 , CaO). They showed that Mg content was analyzed as high as 0.666 mass% when Al content was 0.974 mass% using CaO crucible.
In practice, kinetics of the reaction has to be understood because optimum refining period are to be acquired for higher productivity. Some studies have been conducted in this view. Shinozaki et al. 8, 9) studied the reaction rate of oxidation of Mn between the slag of Fe t O(ϩMnO)-CaO(ϩ MgO)-SiO 2 system and molten iron. They revealed that the rate of oxidation of Mn was relatively slower comparing to that of Fe. This phenomenon was explained by the transfer of Mn, O, (MnO) and (FeO) at the slag/metal boundary layers. Okuyama et al. 10) studied how spinel inclusions formed in SUS430 stainless steel melts. In their report, diffusion of Mg into molten steel from slag was concluded as the ratedetermining step for spinel formation from alumina inclusions initially formed.
Summarizing the above literature survey, both equilibrium and kinetic analyses are necessary to develop a technology to control Mg content precisely to minimize variation among heats aiming at improving hot-workability of NW2201. In the present study, equilibrium between molten Ni and CaO-Al 2 O 3 -MgO-CaF 2 varying C/A contained in MgO crucible has been firstly studied. Thereafter, experiments of the approach to equilibrium value from both higher and lower Mg contents have been carried out as well. These results were readily applied for practice of NW2201 to minimize the scattering in Mg content between heats.
Refining Process of NW2201
NW2201, whose typical composition is shown in Table  1 , is produced by the refining process as shown in Fig. 1 . Raw materials of pure nickel are melted in EF (electric arc furnace) and the melt is preliminarily deoxidized with Al before tapping to a ladle. After the ladle is moved to VOD (vacuum oxygen decarburization), a small amount of Si and Mn is added together with Al again to kill the molten alloy completely under stirring by Ar bubbling from porous plugs installed at the bottom. Finally Ni-Mg alloys are added before going to CCM (continuous casting machine). Significant extent of scattering in Mg contents between heats has been problematic as explained above. Statistical analysis of the practices showed the standard deviation of Mg as high as 0.007 in spite of the average value of 0.02 mass%. Hence improvement to minimize the deviation was projected.
Experimental Procedure
Experiments were carried out to know equilibrium Mg content in molten Ni with various Al contents and slags. Firstly, pure nickel (99.95 mass% Ni) was melted by an induction furnace without deoxidized to prepare rods with f35 mm by forging and subsequent peeling of surface scale. Slag consisting of CaO, Al 2 O 3 , MgO and CaF 2 reagents was preliminary melted homogeneously to have desired compositions. CaF 2 was added into slag with constant CaO/CaF 2 ratio (in mass%) of 0.9 to allow slag to be easily melted.
The experimental procedure was as follows; 500 g of Ni master metal (f35 mmϫH) contained in an MgO crucible was placed at the table in a vertical type electric resistance furnace under an Ar gas atmosphere as shown in Fig. 2 . Then the furnace was heated up to 1 823 K. This keeping temperature was chosen considering VOD treatment. After that, Al particles were added into molten Ni followed by stirred using a silica rod to homogenize the molten alloy. Thereafter slag was added onto the alloy and this moment was defined as time 0 in the present study. The metals were then sampled until 60 min by silica tubes.
© 2009 ISIJ Table 1 . Chemical composition of NW2201 (mass%). Experimental conditions are provided in Table 2 . Four types of slag were prepared varying C/A with constant MgO content of 10 mass% as shown in Fig. 3 . Lower C/A of 0.4 and 0.7 are plotted on MgO · Al 2 O 3 saturation region while the higher of 1.0 and 1.5 on MgO region. Some experiments were performed with adding Ni-Mg alloy after Al addition to understand the effect of initial Mg content on mass-transfer behavior of Mg.
As for the samples taken, Mg and Al contents were measured by wet chemical analysis according to JIS standard methods. Total oxygen content was measured by the inert gas fusion-infrared absorptiometry. Therefore Mg contents at 60 min were defined as equilibrium Mg concentration. Mg, Al and O contents at 60 min in every experiment are thus shown in where T is temperature (K). The standard state of the activity is taken as infinite dilute solution using unit in mass% for molten metal, while that is taken as pure solid for oxide species. Iso-activity lines for CaO-Al 2 O 3 -MgO ternary system diagram at 1 823 K proposed by Ohta and Suito 14) was used to allow each oxide activity in the slag to be estimated, assuming that the roll of CaF 2 in the slag is only to widen the liquid region with no effect on activities. The estimated activities from Fig. 5 14) were listed in Table 4 . The chemical reactions to be considered can be written as follows. The corresponding K values were deduced from Eq. (2) The interaction parameters used in this study are listed in Table 5 . 7, 11, 15) Basically, calculation has been made in the same manner as previously documented. 16) For determining oxygen potentials a O in the molten Ni, soluble O content in equilibrium with the slag has been used for calculation. Those are obtained by the combination of Eqs. (2), (7) and (9) with the interaction parameters and activity of alumina at each C/A listed in Table 4 .
Results and
Equilibrium lines for C/Aϭ0.4 and 0.7 can be obtained by the combination of Eqs. (5), (7) and (8) substituting the interaction parameters and activities of oxides. Same as this manner, equilibrium lines for C/Aϭ1.0 and 1.5 can be obtained by Eqs. (6), (7) and (8) .
Figure 6(a) shows the calculated lines as a function of C/A along with the experimental plots, in which four plots at 2.5 mass% Al are cited from the previous results. 6) As can be seen, the experimental results in lower C/A of 0.4 and 0.7 are in good agreement with the calculated lines. In the case of higher C/A of 1.0 and 1.5, however, some extent of deviation is apparent; the plots are positioned below the lines. In this way, Mg contents in equilibrium can be expected under the given conditions and the tendency of Mg behavior can be understood. Comparisons were made with the other results by Cho et al. 7) and Numata et al., 17) both of which experiments were conducted at 1 873 K. In Fig. 6(b) , the data are plotted with the calculated results at 1 873 K. As can be seen, the results of Cho and Suito 7) in the case of C/Aϭ1.4 is apparently higher than the line of C/Aϭ1.5. This reason may be attributed to the difference that nitrogen has been added into the system in their cases. Nitrogen might have affected the reaction of Eq. (6) .
In comparison with the Numata's results, obviously, their data are quite well agreed with the present calculation. Thus the present calculation is considered as being available enough if ignoring the Cho's results. More data about the reaction of Eq. (6) are to be expected to fully understand the variation among these researches.
According to the practical composition shown in Table 1 , 0.02 mass% Mg when Al is 0.04 mass% is higher than every experiment. This is attributed to the much higher basicity than the experiments with high amount of CaF 2 to accomplish effective sulfur removal. This condition was not experimented because the objective of the equilibrium study was to understand the tendency for Mg control.
Kinetics
It is considered that slag/metal reaction consists of three processes; (1) mass-transfer of elements in slag phase, (2) chemical reaction at the slag/metal interface and (3) masstransfer of elements in molten metal phase.
In the present study, the results obtained by the experiments, where Mg was added, were analyzed kinetically to have exact knowledge of how the reaction rate was determined. Figure 7 shows the variation of Mg with holding time in the case of various initial Mg contents. Obviously, Mg contents at 60 min are converged to about 0.015 mass% (0.0142 to 0.0167 mass% as realized in Table 3 ) in every experiment. Therefore Mg content of 0.015 mass% was estimated as the value in equilibrium under the given condition. It is generally postulated that chemical reactions at high temperature instantaneously occur. According to the analysis by Okuyama et al., 10) the rate is estimated to be controlled by mass-transfer of Mg in metal side. The following equation was hence used for kinetic analysis: 17) within probable experimental errors.
The above proposed mechanism is not beyond hypothesis. However, in practice, kinetics is quite important because steelmakers usually make effort to achieve productivity as high as possible. Therefore, for example, development of experimental technique for in-situ observation or measurement at the transferring stage is strongly expected in the near future.
Application for Practice of NW2201
Based on the above results of equilibrium and kinetic analyses, scale-up was made to the practical conditions of NW2201. Since NW2201 is refined in a ladle as stated earlier, corresponding dimensions are substituted for Eq. (10). The amount of molten alloy in the ladle is 40 ton. The reaction area to be considered is the surface area of a ladle (Aϭ3.3ϫ10 4 cm 2 ). The k m value of 0.0175 cm/s has been used for calculation. It is noted that Ar bubbling effect on equilibrium is ignored in the calculation. The scale-up to 40 ton ladle directly from crucible-size experiments should involve some uncertainties. However, it is meaningful to predict how long it takes to attain equilibrium Mg content with various initial Mg contents. Figure 8 shows the calculation result demonstrating that equilibrium value Ϯ0.001 mass% can be achieved after 120 min if the initial Mg contents are accurately controlled between 0.013 and 0.017 mass%.
The countermeasures for the precise control of Mg were summarized in Table 6 . From the view point of equilibrium, Mg content should be controlled as uniform as possible between practices before adding Ni-Mg alloy. Mg con- Figure 9 shows the result of improvements. The countermeasures focusing on equilibrium (improvement A) have been first carried out, by which standard deviation of Mg content have decreased from 0.007 to 0.004. Thereafter the other countermeasures (improvement B) have been further conducted, by which standard deviation decreased from 0.004 to 0.003. Consequently, the sliver-like defects attributed to poor hot-workability have been improved successfully.
Conclusions
Slag/metal equilibrium experiments were carried out to understand Mg content in Ni in equilibrium with CaOAl 2 O 3 -MgO-CaF 2 system slags. In addition, kinetic analysis was also undertaken experimentally. By applying the experimental results for practice of NW2201, Mg control was improved much. The following words summarized the experimental results:
(1) It was found that Mg content in liquid Ni in equilibrium with the slags depended on Al content and C/A in the slags. The measured Mg contents almost agreed with thermodynamic calculation.
(2) Mass-transfers of Mg in molten Ni is considered as the rate-determining step for the reaction of 3(MgO)ϩ 2Alϭ(Al 2 O 3 )ϩ3Mg.
(3) Standard deviation of Mg content was improved from 0.007 to 0.003 by applying the countermeasures planned from the view points of both equilibrium and kinetics.
(4) Consequently, the sliver-like defects attributed to poor hot-workability have been improved successfully.
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